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Abstract
District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
© 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the Scientific Committee of The 15th International Symposium on District Heating and 
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Abstract
One third of the global food production ends up in the bins such that food waste now ranks third when placed amongst the world’s 
CO2 emitters. Bulk of food waste occurs at the early stage of food value chain in the developing countries where many people 
ironically suffer from food insecurity. To reduce this trend, a biogas driven tri-generation system which synchronizes power 
generation with food drying and cold room storage is designed and analyzed in context of the current renewable energy policy of 
the Nigerian government.  Using Aspen Plus simulator, market wastes from a rural community is analyzed for biogas generation. 
The biogas is subsequently us d t  fuel a 72kWe internal combustion engine which drives a generator t  generate electricity. The 
recovered h at fro  the e gine’s exhaust is used for drying and cooling of agricultural products while heat from the cooling jack t 
is used to maintain the anaerobic digestion pr cess. The results from this study show th t th  system’s efficiency increases from 
25.66% to 76.02% for electricity only and tri-generation respectively.  The results also indicate that the system is able to provide 
electricity, drying energy requirement  and postharvest cold storag  for 322, 56, and 922 farming ho seholds respectively. This 
amount  to drying of 20.35MT, 2.313MT and 3.75MT of cassava tubers, maize and tomato respectively per household per year 
while 3.75MT of tomato is also cold stored. The results equally demonstrat  t at with the current electricity tariffs for remote areas 
bei g charged at USD 13.1/MWh and Feed-in Tariffs (FITs) of USD 122.48/MWh, the Net Present Value is positive reg rdless of 
FITs availability and the current banks’ lending rates. H w ver, the payback perio  is sensitive to FITs and lending rates and varies 
between 2.1years to 7.19 years depending on the lending rates.
© 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the scientific committee of the 9th Internatio al Conference on Applied Energy.
Keywords: Tri-generation; postharvest loss; biogas; feed-In-Tariff.
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1.0 Introduction
The world’s population is expected to increase significantly due to rising industrialization, income and food 
consumption patterns. To ensure food security for the projected 9 billion world populace, food production is expected 
to increase at least by 70% in 2050. One of the ways of increasing food production capacities, without placing further 
strain on already limited land, water and energy resources, is to reduce system inefficiencies across all the levels of 
the food value chain. Each year, it is estimated that approximately 1.3 billion tonnes of food are discarded or lost, a 
third of the food produced globally [1]. In industrialised nations, food loss and waste amounts to 670 million tonnes 
(MT) annually. This is typical at the retail and consumer levels with economic losses of about US$ 680 billion. In 
developing economies, more than 600 MT of food are lost at the post-harvest stage costing about US$ 310 billion 
annually  (FAO [2]). In Sub-Sahara Africa alone, about US$4 billion worth of grain is lost between the time the crop 
is harvested and consumed. This value of loss is estimated to be equal to the total amount of food imported into the 
region and exceeds the foreign aid received for a decade [2]. Thus, the reduction of global food loss and waste across 
all levels of the food chain has become a global priority, particularly for food-producing communities in developing 
and least developed countries. The averted loss of food could reduce economic losses, costs of food production, waste 
generation and land degradation.  Food insecurity in the developing and least developing countries has been attributed 
to some of the following reasons: extreme weather conditions, enormous post-harvest loses, high prevalence of 
diseases, lack of value added products from processing of foods, poor infrastructure, poor farming practises and 
productivity and poor governance. However, the use of renewable energy technologies for food processing in rural 
areas has been shown to not only capable of lifting rural people out of poverty but significantly increases food security 
[3]. Therefore, using a Nigerian village as case study, this study presents a techno-economic evaluation of a biogas 
powered tri-generation plant for power and postharvest processing of agricultural products. The aim of the paper is to 
assess viability of a combined power, drying and cold room storage of agricultural products in context of the prevailing 
renewable energy policies of the Nigerian government.
2.0 Materials and methods
The methods used in this work involve field work, data collection and analysis of a local cattle market waste details 
of which is described by the earlier work by the authors [4]. Data from the Nigerian Bureau of Statistics; Federal 
Ministry of Agriculture and Rural Development; Food and Agricultural Organisation and relevant empirical studies 
were used to synthesis daily energy demand of Nigerian farming households presented in the Table 1. From the table, 
it can be seen that an average rural farming households requires 225W, 794W and 7.5W of energy per day for 
electricity, drying and cold storage of agricultural products respectively. However, energy requirement for cooking is 
not captured as the focus is more on the energy requirements for processing than domestic use. Given necessary 
thermodynamics data especially operating conditions and the equipment models, Aspen Plus process simulator is 
selected as a tool for simulation of the whole system as follows: a) analysis of potential biogas production through 
anaerobic digestion; b) simulation and evaluation of power and heat recovery from an internal combustion engine; c) 
modelling of a convective dryer and d) simulation of an ammonia-water absorption chiller. Finally, based on the 
outcome from the above simulation, an economic analysis of the system is also presented.
                                                   Table 1: Daily energy demand per rural household.
Energy Types Peak Base Average
Electricity (W) 330 100 225
Drying (W) - - 794
Cooling (W) - - 7.5
2.1 The system design of the biogas tri-generation system. 
The design of the combined power, cold and drying system is shown in the Figure 1. Waste from the cattle market is 
anaerobically digested under thermophilic conditions. The produced biogas is pumped through a 𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎(𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂)2 column
for removal of part of CO2. Thorough purification of the biogas is not intended as the chose ICE mover is designed to 
work on low grade fuels of about 67% CH4 [5]. The cleaned biogas is then used to drive a 72KWe CAT engine. Heat 
is recovered from both the exhaust and water jacket of the engine which is subsequently used for the thermally driven 
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devices: dryer and absorption chiller. A part of the exhaust heat is used to heat-up the drying air of an Atesta convective 
dryer while the remaining is used to drive a 10 tons Rabur absorption chiller with the cold room as the chiller’s 
evaporator. Besides, heat is recovered from the water jacket utilised for the digestion process.
Figure 1: Schematic diagram of the flow process of the biogas tri-generation (combine power, drying and cold room storage)
2.2 Process simulation.
Aspen PlusR is suitable for the calculation of the thermodynamic performance of chemical and hydrocarbon systems. 
Units operations are represented by blocks which are subsequently connected with the streams (materials, heat and 
work) to form a complete process. However, the operating conditions of the streams and blocks such as flow rates, 
compositions, temperature, pressure as well as the appropriate fluid package must be specified by the user [6].
2.3 Economic analysis 
The capital and operating cost for the plant is obtained from the Nigeria’s National Electricity Regulation Commission 
[7] for electricity generation from biomass. Price of electricity is also obtained from the same source. This work 
assumes the dryer is used for the drying of Cassava Flour (CF). Hence, income from drying is evaluated as the 
difference in the price of High Quality Cassava Flour (HQCF) and price of sundried cassava flour (SCF) obtained 
from the local market. Income from cold room storage is as explained in section 3.4. In Nigeria, this type of plant
could be owned by large farms, private investors, co-operative societies or community development associations and 
thus entitled to loan from the Nigerian Agricultural Development Bank, Bank of Industry or Commercial banks with 
the interest rates 7%, 9% and 20% respectively. Salvage value and inflation rates are not considered in this study. The 
lifespan of 20 years and 90% availability is assumed. Hence, 11,353MWh of electricity will be generated while 
10217.7MWh is sold since 10% is used onsite [7]. Net Present Value (NPV), Internal rate of return (IRR) and Payback 
period (PP) as described by Short et al[8] are used to assess the economic feasibility of the plant. Input used for the 
analysis is shown in the Table 2.
                    Table 2 Input for economic evaluation.    
Economic Analysis              Project’s cost
Parameter Unit Amount AD unit Dryer Chiller
Capital cost $/kW 2900 208, 500 21403.2 11836.06
Fixed O&M $/kW/yr. 53.5 77,040
Variable O&M $/MWh 0.95 10,785 0.15$/MWh
Fuel cost $/MWh 5 56,765
Parasitic load % 10
Life Span Yr. 20
Interest rates % 7,9,20
Capacity kW 72
Availability % 90
Exchange rate USD/# 305
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Price of HQCF N/Kg 75
Price SCF N/Kg 36
Normal price of tomato N/Kg 200
Crashed price of tomato N/Kg 25
Electricity price (rural) N/MWh 4000
FITs Biomass N/MWh 37,357
Replacement (60000h) $ $1389.77/kW 100,063.67
          TOTAL              566736.01
3.0 Results and discussion
The results of the study is presented in the following sections:
3.1. Simulation of anaerobic digestion system
Anaerobic digestion process is guided by four complex routes which work in synergy to achieve methane and CO2
production: hydrolysis, acidogenesis, acetogenesis and methanogenesis. Simulation of digestion system is done 
following the model earlier developed by Rajendran et al [9]. However, the kinetics reactions of the model is modified 
and the composition adjusted for its suitability to the present work. The model (Figure 2) is based on two reaction sets: 
1 and 2. Reaction set 1 works on the extent of reactions and denotes hydrolysis stage. It is represented with the 
stoichiometric reactor of Aspen Plus. The subsequent stages are kinetic reaction-based and are symbolised with the
Continuous Stir Tank Reactor (CSTR). Non-Random Two-Liquid model (NRTL) was selected as the property method 
as it compares and estimates the mole fractions and activity coefficients of individual compounds while also enables 
the liquid and the gas phase in the biogas production.  The simulation is then validated against two experimental cases 
(A and B). Cow manure is used as substrate in case A while B co-digested cow manure with grass silage. The result 
of validation is shown in the Table 3. The result indicates that about 1969.9Kgday-1 of biogas can be produced from 
10.3 tons/day of the waste. The generated biogas is then cleaned to obtain about 899.75Kgday-1 cleaned biogas of ratio 
CH4: CO2 of 65% and 35% respectively which is subsequently used to drive the tri-generation system.
Figure 2: Biogas production and cleaning simulation.
            Table 3: Experimental validation of biogas production simulation
Cases Digester HRT OLR TS OM Experiment Simulation Diff (%) References 
A 5 15 0.33 6 80 353.5 356.65 +0.89 [9] 
B 5 20 2 4.8 64 268 282.50 5.4 [10] 
                   
 Rasaq O. Lamidi  et al. / Energy Procedia 142 (2017) 63–69 67Lamidi et al / Energy Procedia 00 (2017) 000–000 5
Figure 3: Aspen Plus model of the Tri-generation unit
3.2 Simulation of tri-generation system 
The tri-generation unit (Figure 3) comprises of a 72kWe CAT engine, heat recovery, chilling and drying units. CAT 
engine validation is done as reported in our previous work [11]. A 10kw cooling capacity Rabur ammonia-water 
absorption chiller (AWAC)  is simulated following the earlier study reported by Mansouri et al [10] with the 
adjustment to the heat exchanging units. The result is then validated against experimental result by Klein [13] (Figure
4). Besides, a well converged AWAC simulation is expected to have similar streams entering the pump (A1) and 
exiting absorber (A2). Stream A1 represents data from the manufacturer while stream A2 is predicted by Aspen Plus.
This is also presented in the Table 4.
                                       Table 4: Comparison of ARWA streams




As shown in the Table 4, streams A1 and A2 are similar. However, there are some differences between experimental 
and simulation results (Figure 4). While heat supplied to the generator is pegged at 15.6kW (-0.08%) both evaporator 
duty and COP are over-predicted by 3% and 11.8% respectively. Nevertheless, this may be attributed to an improved 
heat recovery within the system especially refrigerant heat exchanger and pre-absorption model. 
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Figure 4: Validation of ARWA 
3.3 Drying of agricultural produce: cassava flour
Drying is simulated as a cross flow convective cabinet dryer with the cross-sectional area of drying trays and residence 
time details as that of Atesta dryer [12]. The duty of the dryer is 44.24kW. It is modelled for the drying of cassava 
cake (40% moisture content on wet basis) to high quality cassava flour (HQCF) (10% moisture content on wet basis). 
The drying temperature and residence time are set at 62⁰C and 24 hours respectively. The dryer is able to dry 
2264Kg/day of cassava flour cake and produces 1584.8Kg/day of HQCF. 
3.4 Cold room storage
Cold room is used to store agricultural products. In Nigeria, agricultural activities is rain fed. So planting and 
harvesting are done at the same time by farmers. The use of cold room is not only to prolong the shelf life of the 
products but also controls market influx during harvesting and prevents selling at ridiculous prices which is the current 
tradition. This study assumed cold room is used for tomato storage only which is stored for 15 days before being sold. 
Thus, income from cold storage is taken as different between the normal selling price and price of tomato when price 
is crashed due to oversupply. The investment cost of chiller and cold room (2.12m x 2.12m x 3.05m) were taken from 
Alibaba.com and Nigerian manufacturers respectively. Assuming that the efficiency of cold room is 70% and tomato 
is stored at 10⁰C. The system is able to store 11.74MT of tomato per annum. 
3.5 Economic analysis results 
Using input from Table 2, it is seen in the Table 4 and Table 5 that the system is feasible regardless of feed in tariffs 
and the bank interest rates. Importantly, the rate of return on investment and payback periods are sensitive to the 
banks’ lending rates and availability of feed-in-tariffs. However, regardless of these, the simple payback period is less 
than 8years
                                                  Table 4:  Net present values with and without FITs
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                    Table 5: Internal rates of returns and simple payback period analysis
Interest rates               FITs Included                 FITs Excluded
Rate of returns Pay back(y) Rate of returns Pay back(y)
7 0.4601 2.17 0.2360 4.24
9 0.4393 2.27 0.2190 4.57
20 0.3390 2.95 0.1390 7.19
4.0 Conclusion
The study shows that off-grid distributed tri-generation system for drying and cold storage of agro-products in remote 
areas of Nigeria is feasible. The efficiency of the system increases from 25.66% to 76.02% for electricity only and tri-
generation respectively. NPV is positive regardless of FITs but sensitive to the lending rates as it changes from 
USD525, 933.17 to USD 163,366.82 for 7% and 20% lending rates. More so, the IRR and Payback period (PP) 
becomes more attractive with the inclusion of FITs as PP changes from 2.17 yr. to 7.19 yr. with and without FITs 
respectively.  However, at the moments, systems less than 1MW are not included in the Nigerian FITs policy.
Acknowledgements
The authors wish to thank the Nigeria’s Petroleum Technology Development Fund for sponsoring this project
References
[1] J. Gustavsson, C. Cederberg, U. Sonesson, R. van Otterdijk, and A. Meybeck, Global Food Losses and Waste-Extent, causes and 
prevention. Rome: Food and Agricultural Organisation, 2011.
[2] Food and Agriculture Organisation of the United, “The State of Food Insecurity in the World 2014: Strengthening the enabling 
environment for food security and nutrition.,” Rome, 2014.
[3] FAO (Food and Agricultural Organisation of the United Nations), “Energy-smart Food for People and Climate,” Rome, 2011.
[4] R. O. Lamidi, Y. D. Wang, P. B. Pathare, and A. P. Roskily, “Evaluation of CHP for Electricity and Drying of Agricultural Products in 
a Nigerian Rural Community,” Energy Procedia, vol. 105, pp. 47–54, 2017.
[5] Caterpillar Electric Power Inc, “Gas Generator Set-AG Biogas Continous,” Caterpillar Electric Power Inc., 2011. [Online]. Available: 
http://www.finningpower.co.uk/_documents/spec_sheets/LEHE0294-00.pdf. [Accessed: 15-Jun-2015].
[6] J. Dyment and V. Mantrala, Jump Start : Getting Started with Aspen Plus ® V8. United State,: Aspen Technology Inc., 2015.
[7] W. Short, D. Packey, and T. Holt, A manual for the economic evaluation of energy efficiency and renewable energy technologies, 2nd 
ed., vol. 2. Honolulu, Hawaii: University Press of the Pacific, 2005.
[8] K. Rajendran, H. R. Kankanala, M. Lundin, and M. J. Taherzadeh, “A novel process simulation model (PSM) for anaerobic digestion 
using Aspen Plus,” Bioresour. Technol., vol. 168, pp. 7–13, 2014.
[9] P. Kaparaju, L. Ellegaard, and I. Angelidaki, “Optimisation of biogas production from manure through serial digestion: lab-scale and 
pilot-scale studies.,” Bioresour. Technol., vol. 100, no. 2, pp. 701–9, Jan. 2009.
[10] A. Lehtomäki, S. Huttunen, and J. A. Rintala, “Laboratory investigations on co-digestion of energy crops and crop residues with cow 
manure for methane production: Effect of crop to manure ratio,” Resour. Conserv. Recycl., vol. 51, no. 3, pp. 591–609, 2007.
[11] R. O. Lamidi, Y. Wang, P. B. Pathare, and A. P. Roskily, “Evaluation of CHP for Electricity and Drying of Agricultural Products in a 
Nigerian Rural Community,” in The 8th International Conference on Applied Energy , 2016, p. 6.
[12] R. Mansouri, I. Boukholda, M. Bourouis, and A. Bellagi, “Modelling and testing the performance of a commercial ammonia/water 
absorption chiller using Aspen-Plus platform,” Energy, vol. 93, pp. 2374–2383, Dec. 2015.
[13] S. A. Klein, “A model of the steady-state performance of an absorption heat pump,” Washington DC, 1982.
[14] T. Boroze, H. Desmorieux, J.-M. Méot, C. Marouzé, Y. Azouma, and K. Napo, “Inventory and comparative characteristics of dryers 
used in the sub-Saharan zone: Criteria influencing dryer choice,” Renew. Sustain. Energy Rev., vol. 40, pp. 1240–1259, Dec. 2014.
